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Li, Li, Ji Li. Jaladanki N. Rao, Minglin Li, Barbara L. 
Bass, and Jian-Ying Wang. Inhibition of polyamine synthe- 
sis induces p53 gene expression but not apoptosis. Am. J. 
Physiol. 270 {Cell Physiol. 15): 0946-0954, 1999.— The 
nuclear pliosphoprotein p53 acts as a transcription factor and 
is involved in growth inhibition and apoptosis. The present 
study was designed to examine the effect of decreasing 
cellular polyamines on p53 gene expression and apoptosis in 
small intestinal epithelial (lEC-G) cells. Cells were grown in 
DMEM containing 5% dialyzed fetal bovine serum in the 
presence or absence of a-difluoromethylomithine (DFMO), a 
specific inhibitor ol' polyamine biosynthesis, for 4. 6. and 12 
days. The cellular [polyamines putrescine, spermidine, and 
spermine in DFMO-treated cells decreased dramatically at 4 
days and remained depleted thereafter, Polyamine depletion 
by DFMO was accompanied by a significant increase in 
expression of the p53 gene. The p53 mRNA levels increased 4 
days after exposure to DFMO, and the maximum increases 
occurred at G and 12 days after exposure, hicreased levels of 
p53 mRNA in DFMO-treated cells were paralleled by in- 
creases in p53 protein. Polyamines given together with 
DFMO completely prevented increased expression of the p53 
gene. Increased expression of the p53 gene in DFMO-treated 
cells was associated with a significant increase in Gi phase 
growth arrest. In contrast, no features of programmmed cell 
death were identified after polyamine depletion: no inter- 
nucleosomal DNA fragmentation was obsei-ved, and no mor- 
phological features oi apoptosis were evident in cells exposed 
to DFMO tor 4, G, and 12 days These results indicate that /) 
decreasing cellular polyamines increases expression of the 
p53 gene and 2) activation ot p53 gene expression after 
polyamine dejiletion does not induce apoptosis in intestinal 
crypt cells. These findings suggest that increased expression 
of the p53 gene may play an important role in growth 
inhibition caused by polyamine depletion. 

growth inhibition; proliferation; tumor suppressor gene; orni- 
thine decarboxylase; IEC-6 cells 



Ti IE EPITHELIAL CELLS of the gastrointestinal mucosa ai'e 
among the most rapidly proliferating cells in the body 
(14, 21). Normal structure and funct ion of the mucosa 
depend on a regulated rate of division of proliferating 
cells in the mucous neck region in the stomach and the 
crypts in the small intestine (19, 21). Inhibition of 
intestinal mucosal growth occiirs commonly in critical 
illness and leads to diarrhea, malabsorption, delayed 
healing, and impaired barrier function. Increasing evi- 
dence has indicated that the cellular polyamines sper- 
midine and spei^mine and their precui^sor putrescine 
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are necessary for normal mucosal growth ant^ that 
decreasing cellular polyamine levels inhibit cell re- 
newal (15, 20, 21, 33). Intracellular polyamine levels 
are highly regtilated and primarily dependent on the 
activation or inhibition of ornithine decarboxylase 
(ODC), which catalyzes the first step in polyamine 
biosynthesis (13, 26). Our previous studies have shown 
that depletion of cellular polyamines by inhibition of 
ODC with (x-difluoromethylornithine (DFMO) signifi- 
cantly decreases mucosal growth in vivo (34) as well as 
in vitro (36). but the exact mechanism by which poly- 
amine depletion results in gi^ovvth inhibition remains to 
be demonstrated. 

Cell homeostasis is regulated by a balance among 
proliferation, growth arrest, and apoptosis. The recogni- 
tion that negative growth control must be elucidated to 
comprehend the mechanisms by which appropriate cell 
nttmbers are maintained has attracted considerable 
interest. The p53 gene encodes for a nuclear phosphopro- 
tein, which acts as a transcription factor and has been 
shown to be involved in the processes of growth inhibi- 
tion and apoptosis (6, 10, 18, 22). The p53 protein is 
present in low concentrations in normal cells and is a 
negative factor for cell cycle control, since progression 
from the Gj to the S phase is often blocked in cells 
expressing high levels of this protein. Induction of p53 
expression by transfection with a conditional p53 expres- 
sion vector, for example, inhibits cell cycle progression 
in a glioblastoma tumor cell line (22). When growth- 
arrested cells are stimulated to proliferate, indtiction of 
p53 expression inhibits progression from the Go/Gi to 
the S phase (18. 22). 

Apoptosis is an energy-dependent and highly regti- 
lated process by which cells clie without releasing their 
contents and without eliciting inflammation (17, 28). 
Apoptosis is absolutely required for the natural develop- 
ment and horrieostasis of tissues in complex multicellu- 
lar organisms (40). As such, it is likely that apoptosis is 
implicated in the regulation of normal growth in the 
gastrointestinal mucosa. It has been shown that stimu- 
lation of expression of the p53 gene induces growth 
aiTest and/or apoptosis in a number of cell types (17, 
29). The p53 protein can simultaneously induce the 
genetic pi^ograms of G] phase growth arrest and apopt o- 
sis within the same cell type in which apoptosis can 
proceed in Gj -arrested or cycling cells (17). 

To our knowledge, there are no studies concerning 
changes in p53 gene expression and apoptosis after 
polyamine depletion in intestinal epithelial cells. Given 
that polyamine depletion abolishes intestinal epithelial 
cell growth, we investigate the mechanism of this 
growth aiM'est and the possible role of p53. The immedi- 
ate goal of the pi'esent study was to determine whether 
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decreasing cellular polyamine levels by treatment with 
DFMO induces expression of the p53 gene and apopto- 
sis in cultured normal rat small intestinal ciypt (TEC-6) 

cells. 

MATERIALS AND METHODS 

Chemicals and supplies. Disposable culture ware was 
purchased from Corning Glass Works (Corning, NY). Tissue 
culture media and dialyzed fetal bovine serum (FBS) were 
purchased trom GIBCO (Grand Island. NY), and biochemi- 
cals were obtained from Sigma Chemical (St. Louis, MO). The 
DNA probes used in these experiments included pC^R^^Ul 
containing a mouse p53 gene cDNA (hivitrogen, San Diego, 
C A), pBR322 containing a human genomic hagment coding 
lor ret inohlastoina susceptibility (Rb) gene |no. 57450, Ameri- 
( .in Type Culture Collection (ATCX^)|, and pHcGAP contain- 
ing iiumaii glyceraldehyde 3-phosphate dehydrogenase 
t(.APDH) cDNA (tio. 57090. ATCC). The p53 probe from the 
mouse is well characterized and has been used routinely in 
studies of p53 gene expression in the rat; homology between 
tiie species is >75%. The antibody against rat p53 protein 
was purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA). The ltt-^^'P]dCTP (3,000 Ci/mmol) was purchased from 
Amersham (Arlington Heights, IL). DFMO was the kind gift 
of the Merrell Dow Research Institute (Cincinnati, OH). 

Cell culture and general experimental protocol. The IEC-6 
cell line was purchased from ATCC at passage 13. The cell line 
was derived from normal rat intestine and was developed and 
characterized by Quaroni et al. (27). lEC-G cells originated 
f rom intestinal crypt cells as judged by morphological and 
immunological criteria. They are nontumorigenic and retain 
t he undifferentiated character ot epithelial stem cells. 

Stock cells were maintained in T-150 flasks in DMEM 
supplemented with 5% heat-inactivated FBS, insulin (10 
pg/ml), and gentamicin sulfate (50 pg/ml). Flasks were incu- 
bated at 37''C in a humidified atmosphere of 90% air- 10% 
COi;. Stock cells were subcultured once a week at 1:20; 
medium was changed three times weekly. The cells were 
restarted from original frozen stock every seven passages. 
Tests for mycoplasma were routinely negative. Passages 
15-20 were used in the experiments. There were no signifi- 
cant changes of biological function and characterization from 
passage 75 1 o 30. 

In tiie first series of studies we examined whether deple- 
( ion o( cellular polyamines by DFMO could alter expression of 
ihe p53 gene in lEC-G cells. The general protocol of the 
experiments and the methods were similar to those described 
[ireviously (301. Briefly, lEC-G cells were plated at G.25 > 10» 
cells/cm^ and grown in control cultures or cultures containing 
5 mM DFMO or DFMO plus spermidine (5 pM) for 4, 6, and 1 2 
days. The dishes were placed on ice, the monolayers were 
washed three times with ice-cold Dulbecco's PBS (D-PBS), 
and then different solutions were added according to the 
assays to be conducted. 

In the second series of studies we examined whether 
increased expression of the p53 gene after polyamine deple- 
tion was associated with programmed ceil death in lEC-G 
cells. Changes in internucleosomal DNA fragmentation, the 
morphological features of apoptosis, and the distribution of 
cell cycle were measured at vai'ious times after exposure to 
DFMO with 01 without spermidine. 

RNA isolation and Northern blot analysis. Total RNA was 
extracted with guanidinium isothiocyanate solution and puri- 
fied by CstT density gradient ultracentrifugation, as de- 
scribed by Chirgwin et al. (5). Briefly, the monolayer of cells 
was washed with D-PBS and lysed in 4 M guanidinium 
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isothiocyanate. The lysates were brought to 2.4 M CsCl and 
centriiuged through a 5.7 M CsCl cushion at 150,000 g at 
20''C for 24 h. After centrifugation the supernatant was 
aspirated and the tube was cut —0.5 cm from the l:)ottom with 
a flamed scalpel. The resulting RNA pellet was dissolved in 
Tris-HCl (pH 7.5) containing 1 mM EDTA, 5%. sodium 
laurylsarcosine, and 5% phenol (added just before use). The 
purified RNA was precipitated irom the aqueous phase by the 
addition of 0.1 vol of 3 M sodium acetate and 2.5 vol of ethanol 
m sequence. Final RNA was dissolved in water and estimated 
from its ultraviolet absorbance at 2G0 nm by using a conver- 
sion factor of 40 units. In most cases, 30 pg of total cellular 
RNA were denatured and fractionated elect rophoretically by 
using a 1.2% agarose gel containing 3% formaldehyde and 
translerred by blotting to nitrocellulose hlters. Blots were 
prehybridized for 24 h at 42''C with 5x Denhardts solution 
■ind 5>; standard saline sperm DNA. cDNA probes for p53, 
Rh, and GAPDH were labeled with |(x--'^PldCTP by using a 
standard nick translation procedure. Hybridization was car- 
ried out overnight at 42''C in the same solution containing 
\Q% dextran sulfate and "'^P-labeled DNA probes. Blots were 
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Fig. I. Intfiicellular polyamine concentrations in lEC 6 cells grown 
in presence or absence of 5 mM a difhioromethylornlthine (Dl'^MO) 
for -1, ti, and \2 days. Cells were grown in DMEM containing 5% 
dialyzed (etal senim. Medium was changed every 2nd day, and 
cellular polyamine levels were determined by IIPLC analysis. Values 
are means ± SF. from 6 dishes. */^< 0.05 compared with control 
groups. 
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washed with two changes of IX saline sodium citrate-0.1% 
SDS at room temperature. After the final wasli. the filters 
were autoradiographed with intensitying screervs at -70^*0. 
The signals were quantitated by densitometry analysis of the 
autoradiograms. 

Hestern hint ,m.iJvsis of p5.3 protein. Cell samples, dis- 
solved in SDS s.Tniple buffer, were sonicated tor 20 s and 
rentriliiged ai ^.0(H) rpni [or 15 min. The supt^natant was 
boiled for 10 min ,tiid then subjected to electi ophnresis on 
7.5''n acrylamide geK according to Laeninih (lb) Each lane 
was loaded with 20 fig ol' protein equivalents Bnetly. alter the 
transfer of protein onto nitrocellulose filters, the filters were 
incubated for I h in 5"t. nonfat dry milk in 1 \ PBS-Tween 20 
(PBS-T) containing IS mM NaH2P04, 80 mM Na,HP()4, and 
l.SMNaCl.pH 7.5. and 0.5% (vol/vol) Tween 20. hnmunologi- 
cal evaluation was tlien performed for 1 h in 1% BS A- PBS-T 
buffer containing 1 fig/ml monoclonal antibody against p53 
protein. The filters were subsequently washed with IX 
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ig, Z. L.evels ol iifj.-t .tnd rpi inoblastonwi {I^b) niKNAs io t uoirol cells 
and ( ells trealeil with niM DEMO or DEMO + s|tprniicline tSI^D). A: 
reprt^sentative .iiitor:i(fitigr:ims from control cells and l elN exposed to 
DFMO or DPMC) + spermidine for 4, (i, and 12 days iutal cellular 
RNA was isolated and examined by Northern blot analysis by using 
p53 and Rb gene (ONA probes at variuus days alter initial plating. 
Hybridization to labeled glyLeraldehyde-3-ph«spbate dehydrogenase 
(GAPDH) probe served as a mariner lur equal loading ol lanes. B: 
quantitative analysis ol Northern blots by dHnsitometry trom cells 
described in A. Uelative levels of mRNA for pfj^i were torrp(ted for 
loading as measured In ilensiionietry ol UAPUi I, VahlH^ .ire means ± 
SI: of data from i septirate experiments. * 0.05 (DMipared with 
controls. 
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Fig, 3. Western blot analysis of p53 protein in extracts from cells 
described in Fig. 2 A: representative autoradiograms from cells 
exposed to DFMO or DFMO + spermidine for 4, 6, and 12 days. 
Protein (20 pg) was applied to each lane and subjected to electropho- 
resis on 7.5% acrylamide gel and Western immunoblotting. p53 
protein was identified by probing nitrocellulose witli a specific 
antibody described in materials and methods, and position is indi 
cated by p53. B: quantitative analvsis of Western blots bv densitom- 
etry from cells described in A. Values are means ± SE of data from 3 
separate experiments. * P< 0.05 t imipared with control groups. 



PBS-T and incubated for 1 h with goat anti-ninuse IgG 
antibody conjugated to peroxidase. Alter extensive wasliing 
with 1 x: PBS-T. the immunoromplexes on the Hlters were 
reacted for 1 min witli chemiluniinescence reagent (N EL- 100, 
Du Pont NEN). Finally, the filters were placed in a plastic 
sheet protector and exposed to autoradiography film for 30 or 
60s. 

Immun oh is to chemical struninq. I m m u n o h i s t o c h e m ic a I 
staining for p53 protein was performed in lEC-G cells by tlie 
indirect immunoperoxidase method, as described previously 
(12). Cells wei-e plated at G.25 lO'^ cells/cm'= on 22 X 22-mm 
glass coverslips, wliicli were placed in 35-mm dislies in 
tnedium consisting of DMEM. 5"o dialyzed FBS. 10 [jg/ml 
insulin, and 50 fig/ml gentamicin sulfate. DFMO (.S mM) witli 
or without 5 pM sj^ermidine was added as tieatment. At G 
days after initial plating, the cells were washed with D-PBS 
and tlien with D-PBS without Ca"'' and Mg*^^ and fixed for 5 
min at room temperature in 4% paraformaldehyde diluted 
with D-PBS. The cells were post fixed for 5 min with ice-cold 
metlianol, reliydrated in D-PBS without Ca*^^ and Mg*^^ for 30 
min at room temperature, and then incubated with goat 
polyclonal IgG raised against p53 protein at a dilution of 1:50 
in humidified chambers for 21 h at 1"C. Nonspecific slides 
were incubated without antibody to p53 protein, Tlie bound 
antibody was visualized with biotinylated anti-goat IgG and 
avidiivbiotin complexes. The slides were counterstained with 
hematoxylin, mounted, and viewed with an Olympus micro- 
scope. 
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Fig. 4. Effects of DFMO and puirebcine (PU H + DFMO on expres- 
sion of p53 gene in IEC-6 cells A representative autoradiograms 
from control cells and cells exposed to Dl-MO or DFMO + PUT for 6 
days. p53 mRNA level was determined by Northern blot analysis. 
Loading of RNA was monitored liy hybridization to labeled GAPDH 
probe. B: p53 protein measured by Western blot analysis from cells 
described in A. Three experiments were performed, and results were 
similar. 



Sr.j/isn'r.^ Values are means ± SE from six dishes. Autora- 
diogiaphic results were repeated three times. The signifi- 
cance oi the dillerence between means was determined by 
ANOVA. The level of significance was determined using 
Duncan s multiple range test (11). 

RESULTS 

Effect ofpolyamine depletion on expression of the p53 
gene. Administration of 5 niM DFMO, which totally 
inhihited ODC activity (3G. 39), almost completely 
depleted cellular polyaniines in TEC-G cells (Fig 1), The 
levels of |)iitrescine and spei'inidine were iindetectabie 
at 4, (). and \2 days after DFMO treatment. Spei-mine 
was less sensitive to the inhibition ol ODC hut was 
deci-eased by >GU^> in cells exposed to DFMO foi^ 4. 6, 
and 1 2 days. 

Inhibition of polyamine synthesis in the DFMO- 
treated IEC-6 cells was associated with a significant 
increase in e.xpression of the p53 gene (Fig. 2). In 
control cells, steady-state levels of p53 mRNA were 
piesent at 4 days and then almost completely disap- 
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Determination of internucleo^oniril DNA cleavage. Inter- 
nucleosomal DNA fragmentation was assayed by a modifica- 
tion of previously described methods (-1), After cells were 
grown in the presence of DFMO with or without spermidine 
for various times, they were liar\'ested and washed twice with 
cold PBS at 4''C. Cells were suspended in lysis solution 
containing 5 mM Tris-HCl. 20 mM EDTA, and 5% (vol/vol) 
Triton X-100 for 20 min on ice. Tlie remaining steps for DNA 
fragmentation analysis were performed exactly as described 
previously (1). DNA samples were analyzed by electrophore- 
sis in a L5% agarose slab gel containing 0.2% pg/ml ethidium 
bromide and visualized under ultraviolet illumination. 

Flow cytometry analysis for cef! cycfe distribution. Cell 
sample preparation and piopidiuni iodide staining for flow 
cytometry analysis were peilormed according to the method 
described by Nicoletti and Coopei (23). Binefly IEC-6 cells 
were cultured in 10-cm plates at G.25 n 10^ cells/cm^ and 
treated with DFMO with or without spermidine. Cells were 
harvested by trypsinization, waslied twice in D-PBS, and 
fixed in 70% ethanol diluted with D-PBS. Cells were incu- 
bated in D-PBS containing RNase (100 pg/ml) and propidium 
iodide (^0 pg/ml) at 37"C for I h before flow cytometry 
analysis. Cell cycle distribution was determined using a 
Coulter Epics V instrument with an argon laser set to excite 
at 488 nm. The results were analyzed using Elite 4.0 software 
(Phoenix Flow System). 

Polyamine analysis. The nuclear f)olyamine content was 
analyzed by HPLC, as described previously (36), After wash- 
ing the monolayers three times with ice-cold D-PBS, we 
added 0.5 M perchloric acid and then Iroze the monolayei^s at 
-SO'C until ready for extraction, dansylation. and HPLC. 
The standard curve encompassed 0 31-10 pM. Values that 
fell >25% below the curve were considered not detectable. 
Protein was determined by the Bradford method (2). The 
results are expressed as nanomoles ot polyamines per milli- 
gram of protein. 
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Fig. 5. Distribution iif|jr)3 protein in lEC G cells Irum all 3 treatment 
groups MU di\ (k ChIN \\ere fixed, perme.ibilized. and incub.ited with 
anti pfpli antititidy used tur Western blot analysis Bound antibody 
was visudli/ed witli biutinylated anti-guat Igt, and avidin biotin 
comple.xes. A: cuntrtil A' rells treated with DI-MO C cells treated 
with DFMO + spermidine Arrows, p53 positive nuclei. 
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peared at 6 days, with decreased expression even at IZ 
days after plating. Depletion of cellular polyamines by 
treatment with 5 mM DFMO significantly increased 
expression of the p53 gene (Fig. 2). The increase in 
mRNA levels for the p53 gene was noted at 4 days and 
remained elevated at 12 davs after exposure to DFMO. 
Maximum increases in p53 niRNA levels occurred 
hetweeu 6 and \'Z days a tier add it lot i of DFMO and 
were >1U times (onirol \alues S[)ermidine (5 pM) 
gi\en togetlier with DFMO conipleteK' prevented the 
in( l eased expression of tiie p53 gene The concentra- 
tions of p53 niRNA ni ceils treated with DFMO plus 
spermidine were indistinguishable from those in cells 
grown in control cultures. To investigate the specificity 
of this polyamine effect on p53, Rbget^e expression was 
measured. In contrast to p53, polyamine depletion did 
not induce expression of (he Rb gene in IEC-6 cells. 
There were no significant changes in Rb mRNA levels 
between control cells and cells exposed to DFMO with 
or without spermidine (Fig. 2). 

Inci^eased levels ot p53 inRNA in tells exposed to 
DFMO were paralUMed bv increases in p53 protein (Fig. 
3). Inci^eases in p53 proieiti le\'els in cells exposed to 
DFMO foi- 6 and 12 da\'S w ei e - 1 U i imes control values. 
The p53 protein concentration was returned to normal 
levels when DFMO was given togetliei' with spermi- 
dine. Putrescine at 10 pM had an effect equal to 
spermidine on the expression of the p53 gene when it 
was added to cultures that contained DFMO (Fig. 4). 

To extend the positive findings of induced expression 
of the p53 gene after polyamine depletion, we further 
examined the cellular distribution of p53 protein in 
IEC-6 cells by inimunohistochemical staining tech- 
niques. In control cells, no signiflcnnt immunostaining 
for p53 protein was oljser\ eti 6 cla\ s afi er initial plat ing 
(Fig. 5/1), Consistent wiUi mir d<iM fmin Northern and 
Western blot analysis, the nuclear immunoreactivities 
for p53 protein increased di amntii ally after polyamine 
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Fig. 7. Intracellular polyamine^ {A) and p53 mHNA levels {B) in 
IEC-6 cells subjected to serum starvation and treated with DFMO for 
24 h. Cells were grown In standard grou^th medium tor -18 h and then 
subjected to serum starvation luid treated willi 5 niM DFMO for 24 ii. 
Cellular polyamine levels were determined liy ItPLC analysis, and 
p53 niRNA level was measured hv Northern t^lot analysi.s with use of 
a p5;^ fiene cDNA pntlie, Loailni^; of KNA was monitored by hybridiza- 
tion to labeled GAP DM prol)e. Values are means ± .Si: of data from 6 
dishes. ^ P< 0,05 compared with Lontrols. 
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I' ig. 6. Effect of serum starvation on expression of p53 gene in IEC-6 
cells. Cells were grown in standard growth medium for 48 h and 
deprived of seriim for 24, 48. and 72 h. Total cellular RNA was 
harvested and measured by Noritiern blot analysis with use of a p53 
gene cDNA probe. Loading of RNA was monitoreii by hybridization to 
labeled GAPDH probe. Ihree experiments were performed, and 
results were similar. 



depletion by treatment with DFMO (Fig. 5^). In- 
creased p53 immunostaining was visible jiist inside the 
nuclei. Spermidine given together with DFMO pre- 
vented the increased immunostaining for p53 protein. 
The appearance of p53 in the cells treated with DFMO 
plus spermidine was the same as in conli'ol cells (Fig. 

EfTect of serum starvation on cellular polyamines and 
p53 gene expression. To tost the specificity of increased 
expression of the p53 gene after polyamine depletion, 
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Fig. 8. Growth of lEC 6 cells described in Fig. 1. Cells 
were exposed to DFMO or DFMO + spermidine, and 
number ol" cells was determined at 4, 6, and 12 days. 
Values are means ± SE of data from 6 dishes. * P< 0.05 
compared with controls. 



we examined tlie effect of serum stai^ation on expres- 
sion of the p53 gene. Our previous study demonstrated 
that starvation of IEC-6 cells by the removal of serum 
for 72 h decreased DNA synthesis by >75% (data not 
shown). In this study it has been shown that there was 
no significant decrease in cellular polyamines when 
cells were grown in the absence of serum for 72 h (data 
not shown). Consistent with the effect on cellular 
polyamines, serum-deprived quiescent IEC-6 cells were 
not associated with an increased e.xpression of the p53 
gene (Fig. 6) In fact, p53 mRNA levels slightly de- 
creased at 48 and 72 h after serum deprivation. These 
lesults cleaily show that serum-deprived quiescent 
TEC-6 cells do not decrease cellular polyamines and 
therefore have no effect on p53 gene expression. These 
findings suggest that increased exj^ression of the p53 
gene in the DFMO-treated cells is specifically related to 
polyamine depletion and does not l esult simply from 
decreased growth. 




i'ig. 9 Analysis ut internucleosomal DNA tragmentation in lEC 6 
cells exposed to I^I MO or IJFMO + spermidine. Cells were grown in 
])resence of DI'Mt) with or without spernndine for B days, and 
Iragmented DNAs were extracted. DNA samples were analyzed by 
electroplioresis in .i 1.5% agarose slab gel iniitaining 0.1% ethidium 
bromide. Fhree experiments were performed, and results were 
similar. 



We have also determined the changes in cellular 
polyamines and p53 gene expression in cells subjected 
to serum staiA^ation and treated with DFMO (5 mM) for 
24 h. Although putrescine content was significantly 
decreased, exposure to DFMO without serum for 24 h 
did not decrease spermidine and spermine levels (Fig. 
7/1). There were no differences of p53 mRNA levels 
between cells subjected to serum stai-vation alone and 
cells subjected to serum stawation and treated with 
DFMO (Fig. 7B). These results suggest that p53 gene 
expression is modulated by the cellular polyamines 
spermidine and spermine but not by their precursor 
putrescine. The diamine putrescine must then be con- 
verted to spermidine and spermine to regulate p53 
gene expression in intestinal epithelial cells. 

Changes in cell proliferation and apoptosis after 
polyamine depletion. Figure 8 shows that increased 
expression of t he p53 gene in the DFMO-treated IEC-6 
cells was associated with a significant decrease in cell 
numbers. With the activation of p53 gene expression 
after polyamine depletion, cell numbers were signifi- 
cantly decreased at 4 days, an effect maintained for up 
to 12 days. In the presence of DFMO, increased p53 
gene expression and decreased cell numbers were 
completely prevented by addition of exogenous spermi- 
dine. The level of p53 j^j'otein (Figs. 3 and 5) and tiie 
number of cells were indistinguishable in cells exposed 
to DFMO plus spermidine and control cells. 

Becatise the increased expression of the p53 gene has 
been shown to induce apoptosis in a number of cell 
types, studies were carried out to determine the involve- 
ment of apoptosis in the polyamine-deficient IEC-6 
cells. We measured changes in internucleosomal DNA 
fragmentation and morphological features of apoptosis 
in ceils exposed to DFMO or DFMO plus spermidine for 
4, 6, and 12 days. No features of apoptosis were 
identified: no internucleosomal DNA fi^agmentation 
was observed (Fig. 9), and no typical morphological 
features of programmed cell death were evident in cells 
treated with DFMO with or without spermidine (Fig. 
5). There were no apparent changes in cell viability in 
DFMO-treated or control cells. 

Cell cycle analysis demonstrated that -^40% of IEC-6 
cells accumulated in the Gi phase at 4 days after initial 
plating in the control group (without DFMO; Fig. 10/1). 
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Fig. 10. Flow cytometric analysis of cell cycle distribution in lEC-G cells. Cells were treated with DFMOor DFMO + 
spermidine for 4 days, then they were harvested and stained with propidium iodide (PI) and analyzed by flow 
cytometry. Percentages of cells in G\, S, G2/M phases of cell cycle are indicated. Three experiments were performed, 
and results were similar. 



In polyamine-deficient cells, d cells significantly in- 
creased to >70% {Fig. \0B), along with decreased 
populations in the S and G^/M phases. Thei'e was not a 
hypodiploid peak (diagnostic of apoptotic cell death) in 
the DFMO-treated cells, further evidence that poly- 
aniine depletion did not induce spontaneous cell death. 
Cell cycle distribution in the cells exposed to DFMO 
phis spermidine was identical to that in control cells 
(Fig. IOC). We also measured cell cycle distribution at 6 
days after initial plating and demonstrated that Gi 
cells increased —20% in control cells and cells exposed 
to DFMO plus spermidine (data not shown). We believe 
that the magnitude of change is diminished because the 
cells are entering the plateau phase of growth as they 
near confluence. The results in cells exposed to DFMO 
for 6 days were similar to those obseiA^ed after treat- 
ment for 4 days. 

DISCUSSION 

Cell proliferat ion in the intestinal mucosa is depen- 
dent on the supply of polyamines to the dividing cells in 
the crypts (20, 21, 30, 35). Decreasing cellular poly- 
amines significantly inhibits cell renewal, but the 
mechanism involved in growth inhibition remains to be 
elucidated, fn the present study we investigated the 
effect of inhibition of polyamine biosynthesis on p53 
gene expression and apoptosis in intestinal epithelial 
cells. Our results clearly show that depletion of cellular 
jiolyamines by treatment with DFMO significantly 
increases p53 mRNA levels, which wei^e paralleled by 
increases in p53 protein (Figs. 2 and 3). The activation 
of p53 gene expression after polyamine depletion is 
as.sociated with a significant increase in Gi phase 
growth arrest but without apoptosis (Figs. 9 and 10). 
These findings suggest that expression of the p53 gene 
is highly regulated by cellular polyamines and may 
play an important role in the process of mucosal growth 
inhibition after polyamine depletion. 

Although exact roles for cellular polyamines in spe- 
cific biochemical events related to cell proliferation at 
the molecular level are largely unknown, several stud- 
ies have indicated that expression of the protoonco- 
genes c-fos, c-/nyc, and c-Jun is at least partially in- 
volved in the early modulation of mucosal growth 



stimulation by polyamines (36, 37). Induction of muco- 
sal growth in vivo (31) as well as in vitro (36) is 
accompanied by a significant increase in protooncogene 
expression after an increase in cellular polyamines, 
which precedes the induction of DNA synthesis. Poly- 
amines are required for the protooncogene transcrip- 
tion, and depletion of cellular polyamines prevents 
increases in protooncogene expression and cell prolifera- 
tion (25). However, polyamine-deficient cells have been 
shown to continuously maintain a high basal level of 
protooncogene expression (25. 36), indicating that 
growth inhibition after polyamine depletion must re- 
sult from a mechanism other than a simple decrease in 
protooncogene expression. The change in activation of 
protooncogene expression is mainly relevant to the 
process of growth stimulation by polyamines but plays 
a minor role in gi^owth inhibition after polyamine 
depletion (25, 36). 

The recognition that negative growth control, includ- 
ing growth inhibition and programmed cell death, must 
be understood to comprehend how appropriate cell 
nimibers are maintained in normal mucosa and how 
alterations in any part of the eqiaation contributes to 
mucosal atrophy after polyamine depletion led us to 
consider the possibility that growth inhibition in DFMO- 
treated cells could be due in part to the activation of 
growth-inhibiting gene expression. The results re- 
ported here support our hypothesis and indicate that 
administration of DFMO not only completely depletes 
cellular polyamines but also significantly increases p53 
gene expression in intestinal ejDithelial cells, hici'eased 
expression of the p53 gene in DFMO-treated cells is 
related to polyamine depletion rather than to a nonspe- 
cific effect of DFMO, because polyamine given together 
with DFMO prevents the increase in the levels of p53 
mRNA and protein. 

Three experiments were performed to further charac- 
terize the relationship between cellular polyamines 
and induced expression of the p53 gene in intestinal 
epithelial cells. First, we demonstrated that polyamine 
depletion has no effect on Rb gene expression (Fig. 2). 
Second, cellular polyamines are not decreased in serum- 
deprived quiescent IEC-6 cells and are not associated 
with the activation of p53 gene expression (Fig. 6). 
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Tliird, wp rompared polyamine-deficieni cells with con- 
trol cells in which growth was inhibited at confluence. 
As can he seen in Figs. 2 and 8, although depletion of 
polyamines by DFMO significantly increases p53 gene 
e;<pression, there are no increases in p53 niRNA and 
protein levels in control cells in which growth was 
inhibited at confluence at 6 and 12 days after initial 
plating. These results indicate that polyamines have a 
specific effect on p53 gene expression and that in- 
creased levels of p53 mRNA and protein in DFMO- 
treated cells result from decreasing cellular polyamines 
and are not a secondary effect of growth inhibition. 

To elucidate the biological significance of increased 
p53 protein after polyaniine depletion, we examined 
the change in programmed cell death in DFMO-treated 
cells. Data presented in Figs. 9 and 10 show that 
depletion of cellular polyamines does not induce apopto- 
SIS. These results are consistent with the results of 
Casero et al. (3). which demonstrated that polyamine 
depletion alone did not result in programmed cell death 
in the human lung tumor cell line NCI Hi 57. However 
other studies indicate that the cellular polyamines are 
involved in the process of apoptosis. Decreased cellular 
polyamines and increased activity of the polyamine 
catabolic enzyme spermidine/spermine A^^-acety trans- 
ferase have been shown in dexamethasone- and poly- 
amine analog-induced apoptosis (7, 9). An imbalance of 
polyamine metabolism may be a trigger of apoptosis in 
heat shock treatment- and 7-irradiation-induced cell 
death, in which increases in ODC mRNA and activity 
are obsei-ved without subsequent increases in cellular 
polyamine levels (8). 

The nature of the molecular mechanisms that acti- 
vate the expression of the p53 gene after polyamine 
depletion remains to be demonstrated. Although in- 
creased p53 protein is paralleled by a significant in- 
crease in p53 mRNA levels in DFMO-treated cells, it is 
not clear whether increased p53 mRNA is due to an 
increase in the gene transcription or results from the 
alf:eration of the mRNA stabilization. There is no doubt 
that cellular polyamines play different roles in the 
expression of various growth-related genes and that 
their effects are cell type dependent (36, 38). It has been 
shown that cellular polyamines are absolutely required 
for c.niyc and cjun mRNA synthesis in IEC-6 cells and 
that depletion of cellular polyamines by treatment with 
DFMO significantly decreases the transcription rates 
of these two genes but has no effect on their posttran- 
scription (25). In contrast, polyamines negatively regu- 
late the stability of transforming growth factor-p mRNA 
without affecting the gene transcription (24). Clearly, 
further studies are necessaiy to determine the transcrip- 
1-ional and posttranscriptional regulation of the p53 
gene in TEC (5 cells after polyamine depletion. 

In summary these results indicate that inhibition of 
polyamine synthesis by treatment with DFMO signifi- 
cantly increases expression of the p53 gene in IEC-6 
cells. Although the exact role of p53 protein in DFMO- 
treated cells is still unclear, our results clearly show 
that increased p53 gene expression after polyamine 
depletion does not induce programmed cell death. The 



association of induced p53 and a significant increase in 
Gi phase growth arrest in DFMO-treated cells suggests 
that the activation of p53 gene expression may play an 
important role in the process by which polyamine 
depletion results in growth inhibition. 
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